T raumaTic brain injury (TBI) is a major cause of death and neurological disability worldwide and thus is an important societal problem. Decompressive craniectomy (DC) is commonly performed for TBI patients with diffuse brain swelling or a refractory increase in intracranial pressure (ICP). The beneficial effects of DC for reducing ICP have been well documented in several studies, 1,2,24 and DC can also contribute to improvements in cerebral compliance, oxygenation, and blood flow. 12, 14, 25, 28 Currently, however, there is no evidence based on prospective controlled randomized trials to establish that DC actually improves these patients' outcomes.
and resource allocation, there is a need for reliable methods of predicting outcome before performing DC for TBI.
Rotterdam CT scoring is a CT classification system that was developed by Maas et al. in 2005 to group patients with TBI based on multiple CT characteristics (Table 1) . 18 These scores combine individual CT characteristics, including any midline shift, the status of the basal cisterns, and the types of mass lesions or intracranial hemorrhage. Rotterdam CT scores are easily derived, and the interobserver reproducibility is very good between multiple readers with varied backgrounds. 3 A number of reports have shown that these scores can predict the outcome of TBI. 7, 9, 13, 15, 17, 19, 22, 23 However, this has not been clearly established for TBI patients who undergo DC. In addition, no studies have assessed the optimal timing for determining Rotterdam CT scores prior to DC as a prognostic predictor.
Therefore, in the present study, we retrospectively collected clinical data and determined the relationship between initial or preoperative Rotterdam CT scores and prognosis of TBI in patients who underwent DC.
methods patients and clinical data
We retrospectively reviewed the medical records of all consecutive patients who underwent a unilateral decompressive hemicraniectomy for nonpenetrating TBI in 2 hospitals with emergency medical care centers, Japanese Red Cross Kumamoto Hospital and National Hospital Organization Kumamoto Medical Center, in Japan from January 2006 through December 2013. We excluded patients who had bilateral hemicraniectomy, bifrontal hemicraniectomy, penetrating TBI, or a prior surgical procedure to evacuate a space-occupying lesion and subsequently had delayed brain swelling.
Patient data collected included age, sex, preoperative Glasgow Coma Scale (GCS) score, preoperative pupil reactivity, lesion location, time from head injury to DC, head Abbreviated Injury Scale (AIS) score, Injury Severity Score (ISS), international normalized ratio of prothrombin time (PT-INR), use of anticoagulants and/or antiplatelet agents prior to head injury, previous medical history, mechanism of trauma incurring injury, and initial and preoperative Rotterdam CT scores.
ct scanning and rotterdam ct scores
CT scanning was performed as soon as possible after a patient arrived in the emergency department. Follow-up CT scans were performed in cases in which focal neurological deficits appeared, for patients with progressively disturbed consciousness, or for those with no neurological improvement. Initial and preoperative CT scans were scored using the Rotterdam CT scoring system as follows (Table 1) : a) basal cistern status was classified as normal (0), compressed (1), or absent (2); b) midline shift was classified as 0-5 mm (0) or > 5 mm (1); c) epidural hematoma was classified as present (0) or absent (1); and d) traumatic subarachnoid hemorrhage or/and intraventricular hemorrhage was classified as absent (0) or present (1) . One point was added to the summed score to make this grading numerically consistent with the Marshall CT classification, 21 which classifies TBI into 6 categories.
decompressive craniectomy
Decompressive craniectomy was performed using standardized procedures. The anteroposterior diameter of a bone flap was approximately 12-15 cm, with extension into the temporal base. The dura mater was opened, and this opening was extended to the bone margins. The brain surface was loosely covered by the remaining dura or an artificial dural substitute without a closure.
outcome measures
Our outcome measures were mortality at 30 days and Glasgow Outcome Scale (GOS) scores recorded at least 3 months after the time of injury. The neurological outcomes in cases with long-term follow-up were assessed at the time when neurological findings had adequately improved. Unfavorable outcomes were defined as GOS Scores 1-3 and favorable outcomes were GOS Scores 4 and 5.
statistical analysis
Statistical analyses were performed using SPSS software (version 19, IBM Corp.). Results are presented as means ± standard deviations. Possible relationships between Rotterdam CT scores and prognosis after DC for TBI were first analyzed by binary logistic regression analysis, after which multivariable logistic regression models were generated to adjust for established predictors of outcomes after TBI (e.g., age, GCS score, and pupil reactivity). 1, 6, 9, 10, 15, 16, 20 A p value < 0.05 by multivariate analysis was considered significant. To identify the optimal cutoff values for the continuous variables of significant factors in multivariate analysis, we performed receiver operating characteristic (ROC) curve analyses.
results patient characteristics
From January 2006 through December 2013, a total of 2022 patients who had moderate or severe TBI were admitted, of whom 49 had undergone unilateral decompressive hemicraniectomy for TBI and met our inclusion criteria. Of these 49 patients, one had been injured immediately after a cerebellar infarction, which was critical and resulted in death. Therefore, we excluded this patient and finally assessed the remaining 48 patients. These patients' characteristics are summarized in Table 2 . Our series included 28 men and 20 women, with a mean age of 54.5 ± 22.0 years.
rotterdam ct scores
Follow-up CT scans were performed for 22 patients, while 26 patients had undergone DC immediately after an initial CT scan. Therefore, for these 26 patients, their initial Rotterdam CT scores were equal to their preoperative Rotterdam CT scores. Preoperative Rotterdam CT scores were the worst for 47 patients, whereas for 1 patient, the initial Rotterdam CT score was lower than the preoperative Rotterdam CT score because of spontaneous resolution of a subdural hematoma.
All patients underwent DC on the basis of a comprehensive assessment of neurological findings (e.g., consciousness and pupillary reaction) and CT findings (e.g., midline shift and size of brain contusion); no patient had an ICP monitoring device placed for preoperative monitoring.
patient outcomes
Fourteen (29%) of the 48 patients who underwent DC died within the first 30 days. Seven of these patients died during the first 7 days and the other 7 died within 7-30 days after DC. Thirty-four patients (71%) survived and were followed up for at least 3 months after treatment. Ten patients (21%) showed a good recovery (GOS Score 5) and social reintegration, and 6 (13%) had moderate deficits (GOS Score 4). Six patients (13%) exhibited severe deficits (GOS Score 3), and 12 (25%) remained in a vegetative state (GOS Score 2). Overall, 16 patients (33%) had a favorable outcome and 32 (67%) had an unfavorable outcome. Table 3 shows the relationship between Rotterdam CT scores and prognosis after DC in our patient group. Patients with higher Rotterdam CT scores tended to have a poorer outcome based on both initial and preoperative CT scans. The mortality rate of patients with a preoperative Rotterdam CT score of 6 (44% of the patients) was lower than that of the patients with an initial score of 6 (64%), because none of the patients who died had a Rotterdam CT score of 6 after the preoperative CT scans. In addition, the mortality rate of those patients who underwent preoperative CT scans was 9% (2/22).
rotterdam ct scores and patient prognosis
Results of univariate analyses showed that initial Rotterdam CT scores were significantly associated with mortality (p = 0.01) and both initial (p = 0.02) and preoperative (p = 0.002) Rotterdam CT scores were significantly associated with an unfavorable outcome. Multivariable logistic regression analysis adjusted for established predictors of TBI outcomes, including age, GCS score, and pupil reactivity, showed that initial Rotterdam CT scores were significantly associated with both mortality (OR 4.98, 95% CI 1.40-17.78, p = 0.01) and an unfavorable outcome (OR 3.66, 95% CI 1.29-10.39, p = 0.02), and preoperative Rotterdam CT scores were significantly associated with an unfavorable outcome (OR 15.29, 95% CI 2.50-93.53, p = 0.003) ( Tables 4 and 5 ). Moreover, the multivariable logistic regression analyses identified that advanced age was significantly associated with both mortality (OR 1.07, 95% CI 1.01-1.13, p = 0.02 in initial score analysis; OR 1.05, 95% CI 1.01-1.10, p = 0.03 in preoperative score analysis) and an unfavorable outcome (OR 1.07, 95% CI 1.02-1.12, p = 0.01 in initial score analysis; OR 1.10, 95% CI 1.03-1.18, p = 0.007 in preoperative score analysis), and initial GCS score ≤ 6 was significantly associated with mortality (OR 18.58, 95% CI 1.17-294.3, p = 0.04).
Because Rotterdam CT score and age were significantly associated with mortality and an unfavorable outcome, ROC curve analyses were conducted to determine the cutoff values. Results showed that the cutoff values for initial Rotterdam CT score were 5.5 (area under the curve [AUC] 0.74, 95% CI 0.59-0.90, p = 0.009, sensitivity 50.0%, and specificity 88.2%) for mortality and 4.5 (AUC 0.71, 95% CI 0.56-0.86, p = 0.02, sensitivity 62.5%, and specificity 75.0%) for an unfavorable outcome, and that of preoperative Rotterdam CT score was 4.5 (AUC 0.81, 95% CI 0.69-0.94, p < 0.001, sensitivity 90.6%, and specificity 56.2%) for an unfavorable outcome. The cutoff age values were 62.5 years (AUC 0.77, 95% CI 0.62-0.92, p = 0.004, sensitivity 78.6%, and specificity 70.6%) for mortality and 
discussion
Our results indicated that Rotterdam CT scores were effective predictors for TBI patients who required DC. The severity of initial CT findings as assessed by Rotterdam CT scores was associated with both early death and an unfavorable outcome at least 3 months after the time of injury. In particular, initial Rotterdam scores of 6 were associated with early death, and the scores of 5 or 6 were associated with an unfavorable outcome. In comparison, preoperative Rotterdam CT scores were associated with an unfavorable outcome, particularly scores of 5 or 6, but not with early death. The higher odds ratio for preoperative Rotterdam CT scores and unfavorable outcomes determined by multivariable logistic regression analysis indicated that the preoperative Rotterdam CT score was more effective than the initial Rotterdam CT score for predicting an unfavorable outcome. In addition, our results showed that age ≥ 63 years and initial GCS score ≤ 6 were associated with early death, and age > 50 years was associated with an unfavorable outcome. Thus, the TBI patients with Rotterdam CT scores ≤ 4, under the age of 50 years, and with initial GCS scores ≥ 7 are more likely to have a favorable outcome after DC.
The clinical severity of TBI is generally classified as severe, moderate, or mild based on the level of consciousness as assessed by the GCS. GCS scores have been shown to be significantly correlated with the TBI outcomes in patients who are treated with DC and in those who are not. 1, 6, 8, 10, 15, 16, 20 However, determining the GCS score on admission is often difficult because patient with severe TBI are frequently sedated early on, intubated, and then treated with mechanical ventilation. Moreover, there are several factors that can cause consciousness deterioration in TBI patients, such as drinking alcohol, having a primary disease, or being in poor general condition. 27, 29 CT scanning plays an important role in rapidly assessing acute-phase TBI because it can reveal posttraumatic hemorrhagic lesions and provide essential diagnostic information for surgical intervention. In 1991, Marshall et al. 21 proposed a CT classification to group TBI patients based on CT characteristics. Several studies have confirmed the predictive value of this CT classification, 11, 13, 22, 23, 26 and international guidelines on prognosis include this CT classification as a major CT predictor. However, in the CT classification of Marshall et al., almost all the patients who undergo DC are classified into only 2 categories, Class IV or Class V, because a decompressive procedure is accompanied by evacuating a mass lesion in nearly all cases. 4 This means that the discriminatory capability of the CT classification of Marshall et al. is limited for TBI patients who require DC.
In 2005, Maas et al. 18 developed an alternative CT classification, known as the Rotterdam CT scoring system, by determining the relationship between admission CT examination results and mortality at 6 months postinjury. They showed better prognostic discrimination for Rotterdam CT scores than for the CT scoring system of Marshall et al., particularly for patients with mass lesions.
Several studies that included not only surgical interventions but also conservative therapy revealed that Rotterdam CT scores were used as prognostic predictors for TBI patients. 13, 15, 19, 22, 23 However, only a few studies have assessed the performance of Rotterdam CT scores for TBI patients who underwent DC. Huang et al. 9 indicated that the worst Rotterdam CT score prior to DC was an independent predictor of an unfavorable outcome and not of mortality at the end of follow-up as determined by multivariate logistic regression analysis. In addition, Flint et al. 7 found that the severity of an initial Rotterdam CT score was associated with the risk of contusion expansion after 12 (25) 3 (25) 5 (42) 5 13 (27) 3 (23) 10 (77) 6 11 (23) 7 (64) 10 (91)
10 (21) 2 (20) 3 (30) 5 20 (42) 5 (25) 14 (70) 6 16 (33) 7 (44) 15 ( DC and that an expanded hemorrhagic contusion volume of more than 20 cm 3 after DC was associated with mortality and poor 6-month GOS scores as determined by multivariable logistic regression analysis, although they did not assess for a direct association between Rotterdam CT scores and prognosis.
In the present study, we found that the initial Rotterdam CT score of a TBI patient was a significant predictor of early death after DC and that the preoperative Rotterdam CT score was a significant predictor of an unfavorable outcome at least 3 months after the time of injury. These results indicated that assessing the changes in Rotterdam CT scores over time was more effective for predicting prognosis for TBI patients who required DC than was assessing only either the initial or preoperative Rotterdam CT score. To the best of our knowledge, no previous study has assessed the sequential changes in Rotterdam CT scores with regard to the outcomes of TBI in patients who underwent DC.
We consider that the difference between initial and preoperative Rotterdam CT scores as a prognostic predictor reflects that TBI patients who experience acute deterioration after admission are more likely to survive even if they have an unfavorable outcome. None of our patients who died had a Rotterdam CT score of 6 after follow-up CT scans, and the mortality rate of TBI patients who underwent DC after a follow-up CT scan was only 9% (2/22), which was clearly lower than the overall mortality rate of 31%.
Our study had several limitations. First, this was a retrospective study of data that were previously acquired, and it has the inherent limitations of these kinds of studies. Specifically, data collected using electronic medical charts are usually less accurate and complete than data derived from prospective studies. Differences in the assessments of neurological findings could account for the observed differences in our results. Second, the number of cases was small. Currently there is no strong evidence supporting the use of DC for severe head injuries. Thus, obtaining a sufficient number of cases from only a few medical centers was difficult. Third, we did not fix the period for evaluating neurological outcomes. However, the patients included in the present study were followed up for at least 3 months after their injuries. Thus, we believe that their outcomes closely reflected the long-term outcomes after DC for TBI patients overall.
conclusions
Our findings showed that the Rotterdam CT scores for TBI patients who underwent DC provided important prognostic information. Initial and preoperative Rotterdam CT scores were strongly associated with, respectively, earlyperiod mortality and long-term outcomes. Thus, we can predict the prognosis for TBI patients who require DC more accurately by assessing the changes in their Rotterdam CT scores over time and combining the results with age and GCS score, taking into account that these patients may respond to postoperative supportive therapy with barbiturates and mild hypothermia (32°C to 34°C), although these measures do not ensure an improved clinical outcome and their routine use is not supported by available evidence. In view of their simplicity and interobserver reproducibility, 3 Rotterdam CT scores should be included as a reliable predictor in the overall clinical assessment of TBI patients prior to DC. 
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